The mite Varroa destructor is the major parasite of the honey bee and is responsible for great economical losses. The biochemical tools used by Varroa to detect semiochemicals produced by the host are still largely unknown. We have performed proteomic analysis on chemosensory organs of this species in order to identify putative soluble carriers for pheromones and other olfactory cues emitted by the host. In particular, we have analysed forelegs, mouthparts (palps, chelicera and hypostome) and the second pair of legs (as control tissue) in reproductive and phoretic stages of the Varroa life cycle. We identified 958 Varroa proteins, most of them common to organs and stages. Sequence analysis shows that four proteins can be assigned to the odorant-binding protein (OBP)-like class, which bear some similarity to insect OBPs, but so far are only reported in some Chelicerata. In addition, we have detected the presence of two proteins belonging to the Niemann-Pick family, type C2 
Introduction
One of the main threats to honey bee colonies 1 worldwide is the mite Varroa destructor (hereon referred to as 'Varroa'). Females of this ectoparasite are transmitted between hives by foraging bees, and once in the hive they settle in the bee larval cells and lay eggs. The newborn Varroa, generally one male and four females for each cell, feed on the honey bee larvae and, once the females leave the cell, spread in the hive by adhering to adult bees. [2] [3] [4] [5] . Once inside the cells, a blend of three fatty acid methyl esters produced by the bee pupae regulates laying of unfertilized (male) and fertilized (female) eggs 6 by Varroa, and induce the reproductive maturation of young Varroa 7 . Mature female mites attract males with a cocktail of three fatty acids (palmitic, stearic, and oleic) and their ethyl esters 8 . While in their phoretic stage, the Varroa are repelled by geraniol and nerolic acid 9 , as well as by (Z)-8-heptadecene 10 , which are all produced by the foragers; for this reason, the mites tend to parasitize nurse bees.
Communication between
Compared to insects, chemical communication in other arthropods, particularly Chelicerata, is poorly understood. Most of the studies are focused on morphology 11 and electrophysiology [12] [13] [14] while several papers report on the identification of putative semiochemicals 8, 9, [15] [16] [17] [18] .
Gustation and olfaction take place in sensilla, which are located on mouthparts and forelegs in ticks and mites. In Varroa the main olfactory organ, referred to as pit organ, is located on forelegs and presents nine olfactory hairs, which are morphologically similar to insect sensilla basiconica 19, 20 . Furthermore, electrophysiological experiments have clearly demonstrated that the forelegs of Varroa respond to chemical stimuli 21, 22 .
Only preliminary information is available on Varroa's biochemical tools (receptors and carrier proteins) for chemosensing. Based on genome and transcriptome projects, ionotropic receptors and gustatory receptors have been identified in some ticks and mites [23] [24] [25] [26] , but chelicerates lack homologs of the typical insect olfactory receptor family 27, 28 .
Odorant-binding proteins (OBPs), which act as carriers of odorants and pheromones in the sensillar lymph of insects, are absent in Chelicerata 27 .
The presence of CSPs also seems questionable. A single sequence reported in the tick I. scapularis 25 turned out to be identical with a CSP of the mosquito Culex quinquefasciatus (acc. XP_001844693), indicating a result of contamination. Furthermore, the two CSPs reported in a transcriptome study of the mite Tyrophagus putrescentiae 29 are very similar to CSPs of Diptera (around 80% identity), leaving the possibility of contamination an open question. Therefore, in the absence of OBPs and CSPs, other carrier proteins are likely to be present in the chemosensing systems of Chelicerata.
A third family of proteins possibly acting as semiochemical carriers in insects include the NPC2 (Niemann-Pick proteins of type C2) proteins [30] [31] [32] . This family is well represented in Chelicerata with a variable number of genes 31, 33 , depending on the species. In particular, in the tick Ixodes scapularis, a dozen genes have been identified and one of the encoded proteins was detected by immunocytochemistry experiments in chemosensilla of this species 34 . Members of the NPC2 family have been also found in the tick Amblyomma americanum 35 and eight transcripts encoding such proteins have recently been reported in a transcriptome project in Varroa chemosensory organs 26 . For NPC2 proteins, a function of semiochemical carriers seems to be well supported by their ligand-binding properties as well as by their localization in chemosensilla 30, 32, 34 . Moreover, three-dimensional structures of NPC2 members both from vertebrates and insects are available, some of them containing hydrophobic ligands inside their binding pockets 30, 36 .
Another class of soluble proteins has been proposed as semiochemical carriers in the tick A. americanum 35 and in two spider species 24 , as well as in Varroa 26 . Given some structural similarity with insect OBPs, these proteins have been named as "OBP-like." Sequence identity values with insect OBPs are generally low (around 15% or less) and the pattern of six cysteines, a typical signature of most insect OBPs, is not fully conserved. Some OBP-like proteins of Chelicerata contain four cysteines in a pattern resembling that of insect C-minus
OBPs, but other members present six cysteines, although in positions different from those of classic OBPs of insects 35 . Binding data and cellular localization are still needed to support their putative role in chemosensing.
In this work we report the results of a proteomic analysis on chemosensory organs of Varroa to better understand chemical communication in this economically devastating species. In particular, knowledge of the molecular mechanisms used by the mites to follow chemical signals from the larval bees could provide the basis for alternative strategies to control the population of the parasite inside the hive.
Experimental Procedures

Sample collection
Adult mites were collected at two different stages: 'reproductive mites' from drone larvae and 'phoretic mites' from young adult bees, foragers, or adult drones. Specimens were kept at -20°C until dissection. Reproductive mites were collected from frames containing exclusively drone brood, produced by workers after excluding the queen from that part of the frame, in an apiary located in Certaldo (Firenze). Phoretic mites were collected from adult bees in the experimental apiary at the Department of Biology, University of Firenze. Foragers and drones were collected with a net in front of the hive, while young bees were obtained from brood frames temporarily removed from the hive.
Dissections were performed on ice and three appendages were isolated: forelegs, bearing the tarsal organ; mouthparts, containing palps, chelicera and hypostome; and the second pair of legs, to be used as control ( Figure 1 ). Three biological replicates for each appendage were prepared for 'reproductive mites' and for 'phoretic mites' from young bees, while a single pool was prepared for 'phoretic mites' from foragers or drones, which are more difficult to collect; protein extracted from these latter samples were divided into three aliquots (technical replicates) before enzymatic digestion.
The organs were dissected from 35 reproductive and phoretic Varroa on young bees, from 50 phoretic Varroa on foragers or drones.
Reagents
All reagents were purchased from Sigma-Aldrich (Milano, Italy) and were of reagent grade.
Tris, glycine, Tween-20, urea, nitrocellulose membrane were from Euroclone. Trypsin was from Promega (Sequencing Grade Modified Trypsin) and Lys-C from Thermo Scientific (MS grade). The hand-made desalting/purification STAGE (STop And Go Extraction) tips were prepared using three C18 Empore Extraction Disks (3M) 37, 38 .
Protein extract preparation
Tissues were crushed in a mortar under liquid nitrogen and recovered with 40 µL of 50 mM Reduction, alkylation and digestion were performed as previously described 39, 40 .
The digested samples were then acidified with trifluoracetic acid and desalted on STAGE tips 38 . The eluates were concentrated and reconstituted to 20 μL in 0.5% acetic acid, prior to LC-MS/MS analyses.
Mass Spectrometric Analysis
Peptide mixtures were analysed on a LC-MS/MS system (Eksigent nanoLC 1D+ coupled to a Q Exactive HF mass spectrometer, Thermo), and 4. 41 to construct the Varroa protein atlas) as well as protein sequences generated from a 6-frame translation of the genome sequence (ADDG00000000.2) which were at least 100 residues long. We then merged the results and manually checked the 
Data processing
Raw files of each sample were analyzed using MaxQuant software (version 1.5.8.3) 42 and the derived peak list was searched with Andromeda search engine 43 . The search was performed against a combined database (available at www.proteomexchange.org; accession: sequences of all viruses known to infect honey bees and Varroa; the few Varroa sequences from NCBI published before the latest genome; and the protein sequences of honey bees (OGSv3.2). Since our target was to identify putative soluble olfactory proteins, the final list .
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Label-free quantification (LFQ) of proteins was done using the MaxLFQ algorithm integrated into MaxQuant and the 'match between runs' option was enabled. For protein quantification, we used the following parameters: 2 as minimum ratio count for "Unique+Razor" peptides (i.e. those exclusively shared by the proteins of the same group), peptides with variable modifications were included, and enabled "discard unmodified counterpart peptide". The data relative to identification and quantification are contained in the MaxQuant output file named proteinGroups.txt and are reported in Supplementary Table S1 .
Correction of proteomics data for honey bee contamination
Varroa is an obligate ectoparasite and feeds on honey bee hemolymph -therefore, its legs and mouthparts are unavoidably contaminated with honey bee proteins. However, the level of contamination is not consistent between samples, presumably because it depends on how recently the mite was last feeding. Using log2 transformed LFQ intensities, we observed that between 6 and 38% of a given sample was composed of honey bee proteins. Since MaxQuant LFQ intensities are scaled against the total ion current, the honey bee contamination will artificially skew the Varroa LFQ intensities from highly contaminated samples to be lower than in the absence of contamination. To account for this fact, we applied a correction factor to log2 transformed LFQ intensities of each sample based on its level of contamination (see Supplementary Table S2) prior to differential expression analysis.
Differential expression analysis
Further analysis of the MaxQuant-processed and corrected data was performed using Perseus software (version 1.5.6.0). First, hits to the reverse database, contaminants and proteins identified only with modified peptides were deleted. LFQ intensity values obtained for the technical replicates of 'phoretic mites' (from foragers or drones) were averaged and considered as a single biological replicate. Differences in single protein levels were first evaluated between the three appendages, independently from stage, considering only proteins with at least 7 observations (out of 24). Differential expression analysis was performed using . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was .
ANOVA, where p-values were Benjamini Hochberg corrected at 5% FDR. A post-hoc t-test was applied to determine proteins significantly different between two appendages, using the same correction as in ANOVA.
For differential expression analysis within the same stage, proteins with at least 3 observations (out of 9) for reproductive mites and proteins with at least 4 observations (out of 12) were considered in ANOVA, subjected to Benjamini Hochberg correction at 5% FDR. A post-hoc t-test was then applied to highlight differences between tissues of the same stage.
Hierarchical clustering analyses were performed using average Euclideaan distance and the default parameters of Perseus (300 clusters, maximum 10 iterations). 
Gene score resampling analysis
We performed a gene score resampling (GSR) analysis to determine if any GO terms were significantly enriched in different tissues and life stages (reproductive and phoretic). We used Blast2GO to retrieve GO terms for Varroa proteins using default parameters and the Arthropod protein database for BLAST. We then used the GSR option within ErmineJ (v3.0.3) 44 with multifunctionality testing enabled, all GO terms (molecular function, biological process, and cellular compartment) included, with the minimum group size set to 3. Enrichment tests were performed using p-values obtained from the differential expression analysis comparing forelegs to second pair of legs as well as mouth parts to second pair of legs (first considering reproductive and phoretic stages together and then considering the two stages separately). Only GO terms that were significant at 10% FDR even after correcting for multifunctionality were considered 'enriched.' The numbers of proteins belonging to each category, both for molecular function and for biological process, are very similar between tissues. Unsurprisingly, the overall most common categories are general GO terms like 'nucleotide binding' and 'oxidation-reduction process,' while no categories were specific for a particular tissue. In forelegs, two molecular function categories (electron carrier activity and 'chitin binding) and one biological function (chitin metabolic process) appear to be more represented than in the other tissues, but they are clearly not involved in odorant transport, and no categories were significantly different (Fisher exact test; p value = 0.02). Several proteins with 'lipid transport' activity were identified, which includes proteins with hydrophobic binding pockets; however, the numbers were similar between tissues.
Results and Discussion
Protein expression in tissues
The comparable distribution of categories is due to the high degree of overlap in proteins identified in the tissues (Figure 2, panel B) . Only two proteins were exclusive to the second pair of legs: an amphiphysin-like isoform X2 and a chaperonin, while no proteins were unique to forelegs or mouth parts. One uncharacterized protein has been found only in the chemosensory tissues, but its function is unknown.
Quantitative differences in protein expression between tissues were evaluated through oneway ANOVA (Benjamini Hochberg-corrected FDR = 5%) followed by a post-hoc t-test. The heatmap reported in Figure 3 shows the 12 proteins differentially expressed among tissues (Table 1) .
.
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terms were significantly enriched, with transferase activity (GO: GO:0016740), particularly phosphorous-containing group transfer activity (GO:0016746) being the most enriched.
Protein expression within stages
Since different life stages could have different chemosensory needs, we also compared protein expression between the different tissues for reproductive and phoretic mites separately. For example, it is critical for phoretic mites to be able to sense and invade a honey bee cell with a larva at the appropriate age, or else they cannot reproduce; therefore, they could be expressing different proteins to serve this function. We found no differences in protein expression between tissues of reproductive mites (one-way ANOVA, Benjamini Hochberg-corrected FDR = 5%), while 19 proteins were differentially expressed between tissues of phoretic Varroa (Figure 4 and Supplementary Table S3 ). All of those differentially expressed were driven by differences between mouth parts and the second pair of legs. Nine proteins, including three more glycolytic enzymes, are in common with those differentially expressed between tissues, independently from stages.
. To identify cellular processes that may be differently represented between tissues in the two separate stages, we also performed a functional enrichment analysis. Surprisingly, although the phoretic tissue comparison produced more significant expression differences, we found no significantly enriched GO terms between forelegs, second pair of legs or mouth parts. For reproductive mites the "ion binding" category (GO:0043167) was the most enriched in mouth parts compared to forelegs and second pair of legs. These results are reported in Table 3 . Overall, surprisingly few proteins were differentially expressed in all our comparisons. The honey bee protein contamination likely interfered with our ability to detect differences in
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Varroa proteins, even with our correction method. In future experiments, more rigorous procedures must be taken to minimize the presence of honey bee proteins (for example, by more efficiently washing the Varroa prior to dissection). In addition, proteome depth could likely be improved, which would allow us to detect differences in lower-abundance proteins.
Putative carriers for semiochemicals.
The primary aim of this work was to search for soluble proteins that could represent potential carriers for semiochemicals in Varroa and, more generally, in Acari (mites and ticks). Our proteomic analysis on forelegs and mouthparts (which contain chemosensory structures) compared to the second pair of legs (which does not contain chemosensory structures) did not reveal clear differences in proteins, biochemical pathways or processes involved in chemosensation. We therefore chose to use sequence analysis to identify new chemosensory proteins and improve the annotation of those that already exist, then check how these specific proteins were expressed in the different tissues.
OBP-like proteins are a class of soluble proteins identified for the first time in the tick
Amblyomma americanum 35 The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/260539 doi: bioRxiv preprint first posted online Feb. 7, 2018; manually corrected for errors at N-term, at C-term or inside the sequences, using Signal-IP 3.0 prediction server, assuming errors at stop codons and/or analysing results from BLAST search between protein and nucleotide sequences (Supplementary file S4) . Moreover, no peptide belonging to the above mentioned wrong sequences has been identified in our work. . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/260539 doi: bioRxiv preprint first posted online Feb. 7, 2018; Identity values between the six NPC2 sequences of Varroa and those of the honey bee never exceed 30% and we only included proteins that could be unequivocally assigned to Varroa in the analysis, thus excluding the possibility of contamination. Instead, we found substantial amounts of honey bee OBP13, OBP14 and CSP3. These same proteins had been reported as the only OBPs and CSPs present in honey bee larvae, apart from traces of OBP15 45 ; this is consistent with contamination of the Varroa sample through larval feeding.
We identified four of the 6 predicted OBP-like proteins in our proteomic analysis, as well as two of the six predicted NPC2 proteins. In order to minimize the effect of possible contamination with bee proteins and assuming that tissue samples dissected out of the same specimens' pool were contaminated to similar extent, we compared the expression of OBPlike and NPC2 proteins between the three tissues dissected from the same pool by applying a
Wilcoxon signed-rank test. The data used for this analysis consists of only these 6 proteins' The present proteomics study only analyzes adult female mites; however, chemosensory proteins could also be expressed in males or in other developmental stages. For example, a male mite could require chemosensory abilities to detect when a female is ready for copulation. Therefore, we also evaluated expression of NPC2 and OBP-like proteins identified within the developmental stages of a previously published Varroa proteomics dataset 41 . In this analysis, the same OBP-like and NPC2 proteins as reported above were identified, as well as the OBP-like protein, XP_022645714.1. Out of the 5 proteins, two OBP-like were significantly different (XP_022653281.1 and XP_022653293.1; one-way ANOVA; Benjamini Hochberg-corrected FDR = 5%), as reported in Table 4 . Inspecting the abundance of these two proteins, we found that XP_022653281.1 looks eggbiased and expressed only in foundress, within the adult stages, while the protein XP_022653293.1 looks deutonymph/adult-biased. None of the proteins appears to be sexbiased.
Conclusions
This work presents for the first time a proteomic investigation of chemosensory appendages (forelegs and mouth parts) in Varroa destructor adult females at two physiological stages:
reproductive and phoretic. The number of identified proteins in these tissues is comparable to the one obtained for the second pair of legs, the control tissue. Differential expression analysis between tissues and within stages revealed several differences in protein expression, but without relation to chemosensing. Moreover, the enrichment analysis by gene score resampling did not show any category clearly involved in odor perception. 
